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The machinability of a thermoplastic compound that consisted
of 52 vol% ceramic particles and 48 vol% thermoplastic
binders was investigated. To investigate the machining mech-
anisms, various blends of a ductile polymer (ethylene ethyl
acrylate (EEA)) and a brittle polymer (isobutyl methacrylate
(IBMA)) were used as thermoplastic binders. The fraction of
IBMA to EEA in the blend was increased from 0 to 50 vol%.
As the IBMA content was increased, the thermoplastic com-
pound exhibited a stiffer stress versus strain response under
compression because of the brittle nature of the IBMA poly-
mer. The machinability of the thermoplastic compound was
remarkably improved with increased IBMA content because
of the mitigation of the extensive deformation of the thermo-
plastic compound.
I. Introduction
COMPUTER-NUMERIC-CONTROLLED (CNC) machining has beenprevalently used as a rapid-prototyping method for making
complicated objects because of its cost effectiveness.1 The most
attractive way to machine ceramic parts is to machine the ceramic
parts before densification and to use partially sintered bodies2 and
powder compacts.3–5 The machinability of a ceramic green body is
dependent on the characteristics of the green body and the
machining conditions. The green body must possess sufficient
mechanical interlocking between the ceramic particles through the
use of binders to avoid chipping by machining. More recently,
various types of ceramic parts that contain binders have been
studied for green machining.6–9
Generally, material in a ceramic green body is removed in a
brittle manner by machining. As a consequence, a slow machining
speed should be selected; otherwise, the part tends to generate
defects and poor edge retention.10,11 Therefore, it is desirable to
mitigate the brittle nature, while maintaining sufficient strength for
machining. One of the possible ways is to use a thermoplastic
compound comprised of ceramic particles and thermoplastic bind-
ers, which have been extensively used in coextrusion process-
es.12,13 Ethylene ethyl acrylate (EEA) thermoplastic polymer has
been widely used because of high flexibility, good melt strength,
and excellent processability due to its low glass-transition temper-
ature (Tg  80°C). The ductile nature with extensive elongation
capacity of EEA can be modified by incorporating a brittle
thermoplastic polymer, such as isobutyl methacrylate (IBMA),
which has a lower Tg (65°C).
Therefore, in this work, we investigated the machinability of a
thermoplastic compound. We used novel CNC green machining,
named “thermoplastic green machining” (TGM), to make com-
plex, engineered ceramics. For a fundamental understanding of
this process, thermoplastic compounds comprised of 52 vol% of
ceramic particles and 48 vol% of various EEA/IBMA thermoplas-
tic binders were machined using a mini-CNC machine. The
machinability was characterized in terms of surface roughness,
using scanning electron microscopy, which was related to the
characteristics of the thermoplastic compound and machining
mechanisms. An example for the actual application was fabricated
and examined. Machinability in the green stage and shape toler-
ance after sintering also were studied.
II. Experimental Procedure
A commercially available ceramic powder (ULF101, Ferro
Corp., Cleveland, OH)† with a mean particle size of 0.8 m and
specific surface area of 4.8 m2/g was used. The powder was
ball-milled using alumina balls for 24 h, and then it was dried at
85°C for 24 h. The dried powder was blended with a thermo-
plastic binder that consisted of EEA (EEA 6182, Union Carbide,
Danbury, CT) and IBMA (Paraloid B67, Rohm and Haas, Phila-
delphia, PA), using a heated high-shear mixer (Model PlastiCorder
PL 2100 electronic torque rheometer, C. W. Brabender, South
Hackensack, NJ) at 130°C. Processing aids, such as poly(ethylene
glycol) and heavy mineral oil, also were added to ensure a
consistent apparent viscosity value during blending.
Various thermoplastic EEA/IBMA binders were used to inves-
tigate the machining mechanisms of thermoplastic compounds
because of the ductile and brittle natures of EEA and IBMA
polymers, respectively. The amount of IBMA to EEA polymer in
the thermoplastic binder was increased from 0 to 50 vol%. Further
incorporation of IBMA (50 vol%) generated an inhomogeneous
mixture. Regardless of the amount of IBMA in the thermoplastic
binder, the thermoplastic compounds exhibited similar viscosities
(3000 Pas) at 130°C. The mixing behavior of the EEA/IBMA
blend was characterized using differential scanning calorimetry
(DSC; Model DSC-7, Perkin–Elmer, Norwalk, CT). Three sam-
ples (i.e., pure EEA, pure IBMA, and EEA/IBMA blend) were
heated at 5°C/min up to 130°C and furnace-cooled, and the heat
flux was monitored.
Once it was compounded, the thermoplastic compound was
warm-pressed using a 38 mm2 mold at 140°C for 1 h with an
applied load of 10 MPa. The green body was sliced to a dimension
of 38 mm  38 mm  3 mm. The stress versus strain response
under compression of the green body was performed using a
screw-driven load frame (Model 4483, Instron Corp., Canton, MA)
equipped with a 5 kN load cell. The green bodies were milled
using a mini-CNC machine (Model a, Roland DGA Corp., Irvine,
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CA). The milling was conducted using a carbide end mill with a
diameter of 1.57 mm at 6500 rpm.
After the thermoplastic compounds containing various binders
were milled, their machinability was characterized in terms of
surface roughness using scanning electron microscopy (SEM). The
improvement in machinability by incorporating IBMA into EEA
binder was related to the characteristics of the thermoplastic
compound and the machining mechanisms. An actual object was
fabricated and characterized based on this process, in terms of
machinability (such as surface roughness and edge retention) and
sinterability.
III. Results and Discussion
The mixing behavior of the EEA/IBMA blend was character-
ized using DSC analyses. After it was heated, the mixed 50 vol%
EEA/50 vol % IBMA blend exhibited an endothermic peak at
105°C, which corresponded to the melting of the EEA. A trace of
a glass-transition peak of IBMA at 70°C was observed; however,
a glass transition of EEA was not detected because of a low Tg
(80°C, according to manufacturer data). However, the crystalli-
zation peak of EEA was observed at 82°C on cooling. These
results implied that the EEA/IBMA blend was immiscible, as is
often the case of polymer blends.14 Therefore, brittle IBMA
polymers were expected to be dispersed in the ductile EEA
polymer, which, consequently, improved the mechanical proper-
ties of the blend.
The stress versus strain responses under compression of the
thermoplastic compounds that contained various EEA/IBMA bind-
ers are shown in Figs. 1 (A)–(D). Contrary to the brittle fracture of
conventional ceramic compacts, all current samples exhibited
extensive deformations because of the presence of ductile EEA
polymer with extensive elongation capacity. However, the sample
showed the stiffer stress versus strain response with increased
IBMA polymer content because of its brittle nature with less
elongation capacity. When no IBMA was incorporated (Fig. 1(A)),
the sample exhibited 0.55 mm displacement under 30 MPa.
However, the sample containing 50 vol% EEA/50 vol% IBMA
binder (Fig. 1(D)) exhibited remarkably decreased displacement
Fig. 1. Apparent stress responses versus displacement under compression
of thermoplastic compound comprised of 52 vol% ceramic particles and
various 48 vol% thermoplastic binders: (A) EEA, (B) 10 vol% IBMA, (c)
30 vol% IBMA, and (D) 50 vol% IBMA.
Fig. 2. (A) As-machined surfaces at low magnification that show the degree of surface roughness during machining and (B) high-magnification micrograph
at the scale of grain size that shows the decreased ductile rupture of the EEA by addition of IBMA.
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(0.2 mm) under the same stress, which implied less deformation at
the machining zone.
The thermoplastic compounds with various EEA/IBMA blends
were machined, and they were observed in terms of surface
roughness, as shown in Fig. 2(A). The surface roughness was
strongly dependent on the composition of thermoplastic binder.
When no IBMA was incorporated into the EEA polymer, severe
rough surfaces were observed. More severe surface damage was
formed along the machining direction because of the geometry of
the carbide end mill. However, as the amount of IBMA into EEA
in the blend increased, the surface roughness was remarkably
decreased. The sample that contained 50 vol% EEA/50 vol%
IBMA binder (denoted as 50 vol% IBMA) revealed a good surface
finish.
The surface damages of the samples at the scale of grain size are
shown in Fig. 2(B). Severe ductile rupture, with tearing and
extensive pullouts of ceramic particles on the surface region, was
observed with no incorporation of IBMA (pure EEA). However, as
the IBMA content was increased, the ductile rupture on the
machined surface was remarkably decreased. The sample contain-
ing 50 vol% EEA/50 vol% IBMA binder (50 vol% IBMA)
exhibited negligible tearing and pullouts of ceramic particles.
These results were attributed to the mitigation of the extensive
ductile fracture of the thermoplastic compound by incorporating
brittle IBMA polymer into ductile EEA polymer.
During the machining of the thermoplastic polymer, the mate-
rial can be removed in the ductile or brittle manner, depending on
the characteristics of the polymer related to the Tg.
15 If the local
temperature is Tg of the polymer, the material tends to be
removed in a brittle manner, as is the case of the IBMA polymer
(Tg  65°C). Otherwise, the material tends to be removed in a
ductile manner, with extensive deformation or melting, as is the
case of EEA (Tg  80°C). Therefore, the improved machinabil-
ity from incorporating IBMA into EEA binder is attributed to the
modification of the material removal manner. In other words, for
good surface finish, the material should be removed in a nonbrittle
manner, while the tearing and pullouts of ceramic particles due to
extensive deformation or melting should be diminished. Also, the
heat generated at the machining zone might affect the surface
finish of the thermoplastic compound.
Based on these investigations, an object possessing various
voids was fabricated. A predetermined amount of the material was
accurately removed in the specific position according to the
original design using a mini-CNC machine, consequently leaving
various voids in the green body, as shown in Fig. 3(A). After the
binder was appropriately removed at a slow heating rate up to
500°C in nitrogen, the sample was sintered at 980°C for 5 h in air.
The sintered sample exhibited good shape tolerance without
generating defects, such as cracking and distortion (Fig. 3(B)). The
fracture surface revealed negligible porosity, which implied almost
complete densification. The thin inner web showed good shape
retention with a wall thickness of 230 m, as shown in Fig. 3(C).
An even finer scale can be achieved using this novel process
because of the material removal in a nonbrittle manner during
machining.
IV. Summary and Conclusions
Novel thermoplastic green machining was investigated as a
rapid-prototyping CNC green machining process for ceramic parts.
A thermoplastic compound was prepared by blending 52 vol%
ceramic particles and 48 vol% thermoplastic binder, which con-
sisted of ductile EEA (Tg  80°C) and brittle IBMA (Tg 
70°C) polymers. As the IBMA into EEA polymer content in the
thermoplastic binder was increased from 0 to 50 vol%, a stiffer
stress versus stain response was observed because of the brittle
nature of the IBMA polymer. The surface roughness, such as
tearing and pullouts of ceramic particles, was remarkably de-
creased by incorporating IBMA into the EEA binder. Such
improved machinability was attributed to the mitigation of the
extensive deformation and melting of the thermoplastic binder,
while maintaining material removal in a nonbrittle manner. A
precisely machined sample could be obtained with a thin-wall
thickness (230 m) using this novel process.
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Fig. 3. Optical micrographs of (A) as-machined green body, (B) sintered body after 19% linear shrinkage, and (C) detail of inner web that shows 230 m
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